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Human and other mammalian influenza viruses emerge from a large gene pool provided by avian influenza
viruses. Two recent studies (Watanabe et al., 2014; Linster et al., 2014) show that adaptation to a mammalian
host depends on a limited number of mutations that allow airborne transmission, a specific trait of the
mammalian viruses.It is generally agreed that the natural hosts
of influenza A viruses are wild aquatic
birds. Since the host barrier is not
an insurmountable obstacle for these
viruses, they can be transmitted to other
species, including humans. Most of the
transmissions are transient. On rare occa-
sions, however, the virus may undergo
human adaptation. Such a virus may
then give rise to a pandemic, as has
been the case in 1918, 1957, 1968,
1977, and 2009. Adaptation to a new
host is facilitated by the high genetic flex-
ibility of influenza A viruses. Their genome
consists of eight RNA segments, each
encoding 1–3 structural and nonstructural
proteins. They include hemagglutinin
(HA), the major envelope glycoprotein
that initiates infection by binding to sialic
acid-containing cell receptors and by
inducing membrane fusion, and the viral
polymerase that mediates transcription
and replication of the viral genome. The
segmentation of the genome allows ex-
change of genes between different
viruses upon coinfection (gene reassort-
ment). In addition, there is a high mutation
frequency due to the infidelity of the viral
polymerase. The available evidence indi-
cates that generation of a pandemic virus
involves gene reassortment as well as
multiple mutations in individual genes.
However, only some of the molecular
mechanisms underlying host adaptation
are understood, and little has been known
of the modifications allowing virus trans-
mission through the air, believed to be a
prime condition for pandemicity.
The most devastating pandemic
observed so far has been the Spanish
influenza of 1918, caused by a H1N1
virus. The genes of this virus, which has
been regenerated by reversed genetics
(Tumpey et al., 2005) from viral nucleic
acids in preserved lung tissue of victimsof the pandemic (Taubenberger et al.,
2005), appear to be, at least in part, of
avian origin. To provide further proof for
this concept and to evaluate the chances
that such a virus might re-emerge from
the animal reservoir, Watanabe and
coworkers have conducted a study
published in this issue of Cell Host &
Microbe (Watanabe et al., 2014). Using
gene segments from circulating avian
viruses that encode proteins similar to
those of the 1918 pandemic virus, Wata-
nabe and colleagues generated a recom-
binant virus, designated ‘‘1918-like avian
virus,’’ that showed intermediate patho-
genicity in mice and ferrets. These obser-
vations indicated that the selected avian
influenza virus genes, which are closely
related to the proteins of the 1918 virus,
not only cooperate at a functional level,
but can also be assembled into a virus
that shows some pathogenicity in a
mammalian host. It was known from pre-
vious studies that HA and the PB2 subunit
of the viral polymerase are major determi-
nants of pathogenicity (Gabriel et al.,
2013; Klenk et al., 2011) and transmissi-
bility (Herfst et al., 2012; Imai et al.,
2012), and this was also shown to be the
case here in experiments with reassor-
tants of the 1918 and the 1918-like avian
viruses. To identify the determinants of
airborne transmissibility more precisely,
viruses were generated that contained
adaptive mutations in HA and PB2 known
to alter receptor specificity and to in-
crease polymerase activity, respectively.
In addition to these mutations that were
introduced by site-directed mutagenesis,
the viruses had also acquired mutations
resulting from sequential passages in
MDCK cells, an epithelial cell line, and fer-
rets. Using this strategy that the Kawaoka
group had already previously applied suc-
cessfully in their study on reassortants ofCell Host & MicrobeH5N1 virus and the H1N1 virus of the
2009 pandemic (Imai et al., 2012), a
limited number of HA and polymerase
mutations were identified that allowed
droplet transmission in ferrets. Bio-
chemical analysis revealed the molecular
mechanisms behind some of these amino
acid exchanges. It confirmed that PB2
mutation E627K enhances polymerase
activity, whereas HA mutations E190D
and G225D changed binding preference
from a2,3-linked to a2,6-linked sialic
acid receptors. The results also showed
that the spontaneous mutation E89D
increased heat stability of HA.
Conferring airborne transmissibility to
an avian influenza A virus does not neces-
sarily require gene reassortment. R.
Fouchier and his group demonstrated
that this can also be accomplished by
amino acid substitutions alone. They
showed recently that a H5N1 virus was
transmitted through the air after targeted
introduction of PB2 mutation E627K and
two mutations altering the receptor
specificity of HA as well as several spon-
taneous mutations following serial pas-
sages in ferrets. The transmissible virus
with the lowest number of mutations had
a total of nine amino acid substitutions,
but the contribution of each substitution
to droplet transmission was not clear
(Herfst et al., 2012). By ferret passages
of recombinant viruses in which the muta-
tions were individually reverted, Fouchier
and colleagues have now identified the
mutations that are critical for airborne
transmission (Linster et al., 2014). The re-
sults revealed five essential substitutions.
They included the PB2 mutation intro-
duced by site-directed mutagenesis and
a spontaneous PB1 mutation that both
increased polymerase activity in mamma-
lian cells, either one of the targeted HA
mutations altering receptor specificity, a15, June 11, 2014 ª2014 Elsevier Inc. 653
Cell Host & Microbe
Previewsspontaneous HA mutation that increased
receptor binding avidity due to the loss
of a glycosylation site, and a spontaneous
HAmutation resulting in increased pH and
temperature stability. Emergence of the
spontaneous mutations appeared to be
a very rapid event, since they could
be detected already after one or two
passages in ferrets.
The viruses and the experimental stra-
tegies that the groups of Kawaoka and
Fouchier have used in their studies are
quite different. The results, however, are
very similar. Both studies indicate that a
surprisingly limited number of mutations
affecting receptor specificity and stability
of HA and polymerase activity are suffi-
cient to adapt an avian virus to a mamma-
lian host. Other mutations may also be
involved in adaptation. Thus, a H7N1 virus
that acquired airborne transmissibility
after ten ferret passages displayed a
different set of amino acid exchanges,
none of which was located at the receptor
binding site. But this virus contained also
the PB2 E627K mutation (Sutton et al.,
2014).
Do these studies tell us when the next
pandemic will come and which virus will
be involved? Kawaoka and coworkers
have examined the global distribution of
the avian viruses that provided the genes
from which they assembled the 1918-like
avian virus. The donor viruses circulate in
different bird species predominantly in
North America and Europe, but also
in other parts of the world. Obviously,
assembly of a 1918-like avian virus in
nature would require multiple reassort-
ment events depending not only on the
compatibility of the viral genes, but also
on many other factors, such as the
geographical distributions, the habitats,
and the flyways of the individual hosts. It654 Cell Host & Microbe 15, June 11, 2014 ªshould also be kept in mind that, besides
HA and PB2, other viral proteins, such as
the interferon antagonist NS1, may be
involved in human adaptation and that
the whole process is probably more com-
plex than what we have learned so far
from the ferret model. We should there-
fore be very cautious in making pandemic
predictions.
On the other hand, the studies of both
the Kawaoka and the Fouchier groups
support the notion that HA mutations
altering receptor specificity and the PB2
mutation E627K altering host range by a
poorly understood mechanism are leader
mutations that pave the road for addi-
tional mutations involved in the adapta-
tion process. Leader mutations have
been observed in some PB2 and HA
genes of avian viruses from which the
1918-like H1N1 virus has been assembled
(Watanabe et al., 2014) and may therefore
accelerate evolution toward a human
virus. These mutations have also been
found in a small fraction of H5N1 viruses
isolated in recent years and have been
suggested to indicate that human adapta-
tion of the H5N1 virus is underway (Rus-
sell et al., 2012). However, this process
appears to be slow, since the H5N1 virus
has spread in the last decade over large
parts of the globe, but remains an avian
virus that so far has failed to give rise to
a stable mammalian lineage. We should
probably be more worried about the new
H7N9 virus that crosses the human
border quite frequently (Gao et al.,
2013). Since this virus emerged a little
more than a year ago, we have learned
very little about the evolutionary dynamics
of this outbreak. However, the observa-
tions that the H7N9 virus already contains
some of the adaptive HA and PB2 muta-
tions described above and that it is trans-2014 Elsevier Inc.mitted between ferrets through the air are
certainly a matter of concern. Careful
observation of the H7N9 virus and other
circulating influenza A viruses with adap-
tive mutations as well as early detection
of emerging viruses displaying such
mutations is therefore mandatory.
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